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The electronic properties of graphene nanoribbons (GNRs) can be precisely tuned by chemical
doping. Here we demonstrate that amino (NH2) functional groups attached at the edges of chiral
GNRs (chGNRs) can efficiently gate the chGNRs and lead to the valence band (VB) depopulation
on a metallic surface. The NH2-doped chGNRs are grown by on-surface synthesis on Au(111)
using functionalized bianthracene precursors. Scanning tunneling spectroscopy resolves that the
NH2 groups significantly up-shift the bands of chGNRs, causing the Fermi level crossing of the VB
onset of chGNRs. Through density functional theory simulations we confirm that the hole-doping
behavior is due to an upward shift of the bands induced by the edge NH2 groups.
Graphene nanoribbons (GNRs) have emerged as a
promising material for nanoelectronics [1] since they com-
bine many of the extraordinary properties of the parent
graphene [2, 3] with a high tunability of their electronic
band structure[4]. Contrary to graphene, GNRs are fre-
quently semiconducting materials, thus offering excellent
perspectives for their utilisation as electronic components
such as diodes [5] or transistors [1, 3, 6, 7]. A fascinating
aspect of narrow GNRs is that their electronic properties
can be tuned through the precise control of their atomic
structure, which can be achieved thanks to the recent
development of bottom-up on-surface synthesis (OSS)
strategies [8, 9]. These strategies rely on the careful de-
sign of suitable molecular precursors with specific shape
and chemical composition to steer a step-wise reaction on
a metal surface, leading to extended and atomically pre-
cise GNRs. An ample library of precursors and reaction
pathways has been constructed in the last years, incor-
porating successful examples of precise control over the
GNR’s width[10–17], orientation and edge topology[18–
25], which resulted in large variations of their electronic
structure. Furthermore, OSS strategies allow to easily
combine several precursors on a surface for fabricating
complex structures such as atomically sharp graphene
heterojunctions [26, 27], quantum dots[28, 29], or hybrid
systems composed of metal-organic molecules embedded
in GNRs [30–32], demonstrating their potential role for
GNRs based nanoelectronics.
Since most GNRs are semiconducting, a promising
method for tuning their band structure is the electro-
static gating effect induced by doping [33]. Chemical
doping of GNRs has been achieved through modification
of the molecular precursors to either incorporate substi-
tutional heteroatoms in the carbon backbone [26, 28, 34–
41] or by adding functional groups at the edges [42]. How-
ever, the band structure of the substitutionally-doped
systems could not always be simply related to the pristine
one (CB)[28, 35, 36, 38, 39]; the embedded heteroatoms
have a profound impact on the bands’ symmetries and
character [43]. Instead, chemical functionalization of the
GNR edges promisingly behaved as an efficient method
to fine-tune the electronic structure of pristine GNRs. In
the most simple scenarios, the effect of attached chemical
groups can be described as an effective electrostatic gat-
ing of the native band structure [26, 40, 42]. The mag-
nitude of edge chemical gating is small, to date barely
restricted to sub-gap down-shifts of the band structure.
Here, we report on the very efficient chemical gating
of amino(NH2) functional groups attached at the edges
of narrow chiral GNRs with a sequence of 3 zigzag and
1 armchair sites ((3,1) chGNRs). The electron donat-
ing character of NH2 is inherited by the GNR, result-
ing in an effective GNR charging by hole injection and
valence band depopulation on a Au(111) surface. Ex-
perimentally, NH2 end groups were substituted at the
edges of pristine chGNRs through bottom-up synthe-
sis with modified precursors. Our results satisfacto-
rily demonstrate that the electropositive affinity of the
dopant is transmitted to the chGNR carbon backbone
[42], which on a Au(111) surface becomes strongly hole
doped. Through a combination of scanning tunnelling
microscopy (STM) and spectroscopy (STS), X-ray pho-
ar
X
iv
:2
00
9.
13
93
6v
1 
 [c
on
d-
ma
t.m
es
-h
all
]  
29
 Se
p 2
02
0
2NH2
NH2
NH2
NH2
H2N
H2N
H2N
H2N
a b
 5 nm
NH2
NH2
NH2
NH2
H2N
H2N
H2N
H2N
Precursor 3
200 °C
260 °C
c
In
te
ns
ity
 (a
.u
)
404 402 400 398 396
Binding Energy (eV)
RT
400ºC
200ºC
175ºC
150ºC
50ºC
100ºC
N1s
4002000
Sample temperature (ºC)
100
80
60
40
20
0
At
om
ic
 R
at
io
 N
/N
(R
T)
 (%
)
d e
Low
High
FIG. 1. Synthesis of NH2-chGNRs. (a),(b) Reaction scheme of the polymerization and cyclodehydrogenation of molecular
precursors respectively. For simplicity, only one chirality of NH2-chGNRs is shown here. (c) STM overview image of NH2-
GNRs grown on Au(111), taken at Vs = 0.2 V, It = 20 pA. The dashed lines show the preferred orientations of NH2-chGNRs
on the substrate. Same color scale is used for all the STM images. (d,e) Characterization of NH2 groups at different annealing
temperatures by N1s peaks in XPS measurements.
toelectron spectroscopy (XPS) measurements and den-
sity functional theory (DFT) calculations we show that
the NH2 groups induce a substantial up-shift of the GNR
bands, and cause their VB to cross the Fermi level. The
effective depopulation of the VB depends on the number
of NH2 groups per unit cell surviving the reaction, as well
as on their relative alignment.
Results/Discussion
Synthesis of the molecular precursor: To func-
tionalize (3,1) chGNRs with NH2 groups at the edge
(named as NH2-chGNRs), we prepared the molecular
precursor 2,2’-dibromo-[9,9’-bianthracene]-10,10-diamine
(3, Fig. 2) in two steps from 2,2’-dibromo-9,9’-
bianthracene (1). First, selective double nitration of
compound 1 led to the synthesis of compound 2, which
was isolated with 64% yield. Then, Fe-promoted reduc-
tion of bianthracene 2 in acetic acid afforded the GNR
precursor 3 with 98% yield (see Supporting Information
for details).
The molecular precursor 3 was sublimated from a
Knudsen cell at 212 ◦C onto a clean Au(111) substrate
kept at room temperature. The precovered sample was
gradually annealed first to 200 ◦C to induce the poly-
merization of compound 3 through Ullmann-like coupling
reactions (Fig. 1(a)). Subsequently, the sample tempera-
1 2 3
FIG. 2. Synthetic route to obtain 2,2’-dibromo-[9,9’-
bianthracene]-10,10-diamine (3).
ture was further raised to 260 ◦C to trigger the cyclodehy-
drogenation step causing the planarization of the poly-
mers into NH2-chGNRs (Fig. 1(b)). Fig. 1(c) shows a
STM overview image of the resulting NH2-chGNRs on
a Au(111) surface. The doped chGNRs, as the pristine
ones, display preferential orientations on the substrate,
but notably shorter than pristine chGNRs[21, 24], reach-
ing lengths of up to 15 nm. We speculate that the at-
tachment of NH2 groups lowers the diffusion of precur-
sors and thus hinders their polymerization processes[44].
The edges of the resulting NH2-chGNRs are quite in-
homogeneous, and their width is larger than pristine
chGNRs, suggesting the presence of a certain amount
of NH2 groups attached to the edges (see Supporting In-
formation).
To prove the survival of NH2 groups during the on-
surface synthesis (OSS) process, we characterized the
thermal evolution during the OSS with X-ray photoelec-
tron spectroscopy (XPS) measurements (Fig. 1(d,e)). We
find a gradual decrease of the N-1s XPS peak inten-
sity with increasing annealing temperatures, which com-
pletely vanishes at 400◦C. Since the cyclodehydrogena-
tion step completing the synthesis of chGNRs occurs at
temperatures slightly above 200◦C [21, 24], the XPS re-
sults suggest that about 60% of the NH2 groups survive
the OSS.
Fig. 3(a) shows the constant current STM image of
a NH2-chGNR which shows irregular edges. The super-
imposed chemical structure of the NH2-chGNR indicates
the loss of some NH2 groups on the edges. To further
prove this, we acquired high resolution STM image of the
same GNR with a CO-terminated tip[45, 46], as shown in
Fig. 3(b). The high resolution image resolves the back-
bone structure of the ribbon as composed of zig-zag edged
segments [24], and also shows distinctive triangular fea-
tures at many of the zigzag edges (indicated by arrows in
Fig. 3(b)), which we attribute to surviving NH2 groups as
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FIG. 3. Characterization of the atomic and electronic structures of NH2-chGNRs. (a) Constant current image of a single
NH2-chGNRs with its chemical structure superimposed on top. (b) Constant height current image (Vs = 2 mV) of the same
NH2-chGNRs in (a) taken with CO-terminated tip. (c) dI/dV spectra taken on the locations as indicated with numbers in (b).
For comparison, dI/dV spectra taken on pristine chGNRs (black curve on top) are also shown here. Blue and red dashed lines
indicate the energy locations of VB and CB, respectively. The values of the band gaps are noted in the figure. (Open-feedback
parameters: Vs = 1 V, It = 1 nA; modulation voltage Vrms = 10 mV). (d-f) Constant height dI/dV maps of the ribbon in
(a) taken at different bias values as indicated in the figures respectively (modulation voltage Vrms = 10 mV). All STM images
share the same scale bar indicated in (b). (g),(h) DFT simulations of the wave function corresponding to states at the onset
of VB and CB (at the Γ point) of NH2-chGNRs with all NH2 groups attached. Red and blue colors represent isosurfaces of
positive and negative wave function amplitudes, for an isovalue of 0.015 A˚−3/2.
shown in Fig. 3(a). The carbon atoms with missing NH2
groups are then passivated by hydrogen atoms during the
on-surface reactions[47]. Most of the chGNR segments
maintain at least one of the NH2 edge groups attached
at one side, and some appear with both of them intact.
From such high resolution images on more than 80 GNRs,
we extract that about 75% of the NH2 groups survived
the on-surface reaction. This value is even larger than the
one obtained from the XPS results, most probably due to
the different annealing processes (see methods). This is a
remarkable doping value when compared with the chem-
ical doping surviving the reaction for cyano(CN) func-
tionalization of 7-AGNRs[42]. We note that edge func-
tionalization in such chiral ribbons is so efficient due to
the lower temperatures required for their complete syn-
thesis, in contrast with e.g. 7-AGNRs, which need more
than 300◦C for their OSS.
Electronic structure of doped chGNRs: NH2
groups have an electron donating character. To study
their effect on the electronic properties of the chiral
nanoribbons, we recorded differential conductance plots
(dI/dV) directly over singly and doubly NH2-doped seg-
ments, and compare them with measurements on pristine
chGNRs. As shown in Fig. 3(c), the characteristic 0.7 eV
energy gap of pristine chGNRs [24] is severely modified
on the NH2-substituted segments, which exhibit instead
two pronounced peaks, indicated by red and blue dashed
lines in Fig. 3(c). Over the singly doped segment, one of
the peaks is pinned at the Fermi level (zero bias), while
the other appears at 500 mV above. On the doubly-
doped units, both peaks appear slightly shifted upwards,
and their separation noticeably decreases.
To elucidate the origin of the peaks, we acquired dI/dV
maps at bias values corresponding to the peak ener-
gies, which unveil the spatial distribution of these states
(Fig. 3(d-f)). dI/dV maps at 0 mV and 200 mV (the
bias values of the lower peaks in each case) resemble the
VB shape of pristine chGNRs at the singly- and doubly-
doped segments, respectively. In contrast, the dI/dV
map at 530 mV (in coincidence with the higher-bias peak
in both cases) reproduces a wave-front pattern that is
characteristic of the CB of pristine chGNRs[24]. Further-
more, these dI/dV maps show very good agreement with
the density functional theory simulations of wave func-
tion amplitude of valence and conduction bands along a
fully NH2-doped ribbon (Fig. 3(g,h)). Based on these
observations, we ascribe the two dI/dV peaks to the VB
and CB onsets of NH2-chGNRs, respectively.
Compared to pristine chGNRs, both VB and CB on-
sets of the NH2-doped segments appear shifted upwards,
and the VB-CB energy gap is significantly reduced (as
labelled in Fig. 3(c)). This upwards shift of the fron-
tier bands can be attributed to a significant hole-doping
introduced by the edge NH2 groups, whose effect in-
creases with the number of groups surviving in each seg-
ment. Particularly striking is the alignment of the VB
onset with the Fermi-level for the singly-doped segments,
and its further shift to ∼0.18 eV when a second NH2
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FIG. 4. Electronic structures of NH2-chGNR with half NH2 groups lost. (a) Constant current image of a single NH2-chGNRs
with its chemical structure superimposed on top. (b) Constant height current image (Vs = 2 mV) of the same NH2-chGNRs in
(a) taken with CO-terminated tip. (c) dI/dV spectra taken on the locations indicated with numbers in (b). Blue and red dashed
lines indicate the energy onsets of VB and CB, respectively. (Open-feedback parameters: Vs = 1 V, It = 1 nA, modulation
voltage Vrms = 10 mV). (d-e) Constant height dI/dV maps of the ribbon in (a) taken at different bias values as indicated in
the figures respectively (modulation voltage Vrms = 10 mV). All STM images share the same scale bar indicated in (b).
is present, unveiling a substantial band depopulation by
edge-doping, and underpinning of chGNRs on Au(111).
Intriguingly, the number of NH2-dopants per unit is
not the only parameter tuning the bands’ onset, but also
their relative arrangement. This was concluded from the
inspection of ribbons with only one edge group per unit.
In order to induce the more diluted functionalization ob-
served in Fig. 4, we annealed the sample to a slightly
higher temperature during the OSS process (e.g. to 280
◦C for the data shown in Fig. 4). The result was a reduc-
tion of the edge functionalization to about 50%, with a
nice preference to maintain one group per unit cell rather
than two or none. We found that NH2 groups could either
line-up along the same edge (e.g. as between segments
4 and 7 in Fig. 4(a,b), or alternate at opposite sides (as
between 1 and 4 in Fig. 4(a,b)), what had an apparent
impact in their corresponding band alignment. While the
dI/dV spectra (Fig. 4(c)) and maps (Fig. 4(d) and (e))
appear in every case similar to the ones shown in Fig. 3,
both VB and CB peaks in regions with alternating NH2
groups (spectra 1 to 4 in Fig. 4(c)) appear shifted up-
wards by ∼ 50 meV with respect to the regions where
NH2 groups line up in the same side (spectra 5 to 7).
Theoretical analysis: Further insight into the dop-
ing effects of NH2 groups is obtained by DFT calcula-
tions of free-standing nanoribbons (see Methods for de-
tails on the simulations). In particular, we studied the
band structure of infinite (3,1) chGNRs with the edge
structures shown in Fig. 5(a-d), namely, the three exper-
imentally observed scenarios: NH2 groups only on one
side (1a-NH2-chGNR), on both sides (2-NH2-chGNR),
and in alternating positions (1b-NH2-chGNR), as well as
the pristine chGNRs for comparison. The corresponding
band structures (Fig. 5(e-h)) show that, in all three cases,
the presence of NH2 groups at the edge induces an up-
ward shift of the bands with respect to the pristine case.
For the singly-doped cases, the VB band shifts about 0.4
eV. When both edges are doped (2-NH2-chGNR), the
upwards shift of the VB is almost doubled (0.78 eV),
showing that it scales with the number of dopants.
The band structure also reproduces the clear reduc-
tion of the VB-CB energy gap with doping seen in the
experiment. In particular, we find that the band gap of
the singly-doped GNR decrease ≈ 10% with respect to
the pristine case, while this reduction amounts to ≈ 40%
for the doubly-doped species. A similar band gap closure
with doping in GNRs was attributed to the extension
of the pi-conjugated electron cloud outside the graphene
backbone with the addition of the functional groups [42].
On the other hand, we note that the calculated shifts of
the frontier bands are larger than the measured ones, and
the gap reduction obtained numerically is smaller than
in experiments. These discrepancies might be related to
screening effects of the metallic substrate, which are not
included in our calculations. Yet, our DFT results are in
very good qualitative agreement with the experimental
measurements.
To explain the origin of the band shifts, we studied the
charge redistribution induced by the NH2 edge groups in
the chGNRs. As seen from the Hirshfeld plots in Fig. 5(a-
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FIG. 5. Simulated electronic structure and charges. Charge distribution calculated with a Hirshfeld population analysis for:
(a) pristine chGNR, (b) chGNR with NH2 groups on one side (1a-NH2-chGNR), (c) NH2 groups on both sides (2-NH2-chGNR),
and (d) on alternating sides (1b-NH2-chGNR). Corresponding band structures obtained for (e) pristine chGNR, (f) 1a-NH2-
chGNR, (g) 2-NH2-chGNR and (h) 1b-NH2-chGNR. The shift in energy of the top of the VB and the bottom of the CB as
compared to the pristine chGNR are marked in green and in red, respectively. (i) Electrostatic potential difference between
the 2-NH2-chGNR and a pristine chGNR, taken at the plane of the ribbon and averaged along the periodic direction (y).
d), the NH2 groups redistribute their charges by the co-
valent bonding to the edge and induce a small electron
depletion at the connecting C and accumulation right at
the middle of the ribbon. Interestingly, the lower elec-
tron density at the edge coincides with the higher cur-
rent of these rings in the chGNR backbone (Fig. 3(a)
and Fig. 4(a))). We speculate that the higher current
signal over the edge phenyl rings bonding to NH2 and
lower current over the neighbour rings at the center are
related to the calculated electron depletion and accumu-
lation, respectively, and to their influence on the effective
tunneling.
As a result of the charge redistribution, a strong edge
dipole of ∼3.6 D per unit cell pointing outwards from
the ribbon backbone emerges around the NH2 group.
Considering the edge dipole per unit cell of the pristine
chGNR (∼2.1 D), and since both CH and NH2 dipoles are
pointing in the same direction, we can estimate that each
NH2 group contributes with a dipole of about 2.0 D. This
edge dipole increases the internal electrostatic potential,
and consequently, shifts their occupied bands upwards.
For example, for the 2-NH2-chGNR case (Fig. 5(i)), we
find that the ∼0.7 eV higher electrostatic potential is
the main responsible of the ∼0.7 eV up-shift of its VB.
The result is that the NH2 groups endow their electron-
donating character to the ribbons. On the Au(111) sur-
face, this leads to a substantial hole-doping from the
metal, reaching the point where the VB is partially de-
populated. We note that this scenario differs from the
previously reported case of armchair GNRs doped with
CN groups. CN induced a dipole pointing opposite, i.e.
towards the ribbon’s backbone, leading to a total dipole
smaller in magnitude and opposite in sign to the one pre-
sented here. This caused a small band down shift, con-
trary to the situation found here, but the semiconducting
character remained unchanged [42].
CONCLUSIONS
Our results demonstrate a chemical-gating strategy of
graphene nanoribbons, by which incorporating electron
donating chemical groups to the edge of GNRs causes a
significant hole-doping on a Au(111) surface. As found
previously with CN groups [42], the GNR inherits the
electron affinity of the attached chemical group. Fa-
vored by the lower reaction temperatures for the synthe-
sis of chiral GNRs, we found that a large fraction of NH2
groups survived the on-surface reaction, and caused the
depopulation of its VB, signaling its charging. Based
on DFT simulations, we explained the enhanced electron-
donating character of the doped ribbons as arising from a
substantial charge redistribution induced by the dopant.
From these results, we foresee that combination of edge
6terminations with different electron affinity character can
be a promising route to engineer hybrid GNRs with ac-
tive electronic properties.
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METHODS/EXPERIMENTAL
The experiments were performed on a low temperature
(5 K) STM under ultrahigh vacuum (UHV) conditions.
The Au(111) substrate was cleaned in UHV by repeated
cycles of Ne+ ion sputtering and subsequent annealing to
460 ◦C. The molecular precursor was sublimated at 210
◦C from a Knudsen cell onto the clean Au(111) substrate
kept at room temperature. Then the sample was first
annealed at 200 ◦C for 15 minutes and then annealed at
260 ◦C for 5 minutes. A tungsten tip functionalized with
a CO molecule was used for high resolution images. The
high resolution images were acquired in constant height
mode, at very small voltages, and junction resistances of
typically 20 MΩ. The dI/dV signal was recorded using
a lock-in amplifier with a bias modulation of Vrms = 10
mV at 760 Hz.
XPS measurements were carried out using a Specs
PHOIBOS 150 hemispherical energy analyzer using a
monochromatic X-ray source (Al Kα line with an en-
ergy of 1486.6 eV and 400 W) and energy referenced to
the Fermi level. Surface cleanliness was confirmed with
x-ray photoelectron spectroscopy (XPS) prior molecules
deposition. Organic molecules were sublimated in UHV
from a home-made Knudsen-cell type evaporator with an
alumina crucible, with the sample kept at room temper-
ature. Then the sample was step-wisely annealed to 400
◦C. The sample was kept at each temperature step in
Fig. 2d for 10 minutes for the XPS measurements.
Computational Procedures
The optimized geometry and electronic structure of
free-standing pristine and NH2 doped ch-GNRS were cal-
culated using density functional theory, as implemented
in the SIESTA code.[48] The nanoribbons were relaxed
until forces on all atoms were < 0.01 eV/A˚, and the
dispersion interactions were taken into account by the
nonlocal optB88-vdW functional.[49] The basis set con-
sisted of double-ζ plus polarization (DZP) orbitals for
all species, with an energy shift parameter of 0.01 Ry. A
1×1×100 Monkhorst-Pack mesh was used for the k-point
sampling of the Brillouin zone, where the 100 k-points are
taken along the direction of the ribbon. A cutoff of 300
Ry was used for the real-space grid integrations. The
atomic population analysis was performed using the Hir-
shfeld scheme for partitioning the electron density.[50]
The dipole moments were calculated integrating the va-
lence electron density at each point times the distance
of that point to the ribbon backbone (central axis). The
corresponding neutralizing contribution due to the nu-
clei is also added. More details can be find in Carbonell-
Sanroma` et al. 42.
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MOLECULAR PRECURSOR SYNTHESIS AND CHARACTERIZATION
All reactions were carried out under argon using oven-dried glassware. TLC was per-
formed on Merck silica gel 60 F254; chromatograms were visualized with UV light (254 and
360 nm). Flash column chromatography was performed on Merck silica gel 60 (ASTM 230-
400 mesh). 1H and 13C NMR spectra were recorded at 300 and 75 MHz (Varian Mercury
300 instrument) or 500 and 125 MHz (Bruker AMX-500 instrument), respectively. Low-
resolution electron impact mass spectra were determined at 70 eV on a HP-5988A instru-
ment. High-resolution mass spectra (HRMS) were obtained on a Micromass Autospec spec-
trometer. 2,2’-Dibromo-9,9’-bianthracene (1, Figure S1) was prepared following published
procedures.[1] Commercial reagents and anhydrous solvents were purchased from ABCR
GmbH and Aldrich Chemical Co. and were used without further purification.
Synthesis of 2,2-dibromo-10,10-dinitro-9,9-bianthracene
1 2
FIG. 1: Synthesis of 2,2-dibromo-10,10-dinitro-9,9-bianthracene (2)
To a solution of compound 1[1] (50 mg, 0.10 mmol) in AcOH (5 mL), a solution of HNO3
(2 mL, 62% in H2O) was added and the resulting mixture was stirred at room temperature
for 16 h. Then, a solution of HCl was added (5 mL, 10% in H2O) and the precipitate was
filtered. The solid was purified by column chromatography (SiO2; hexane/CH2Cl2 2:1) to
obtain compound 2 (38 mg, 64%) as an orange solid (p.f. 384 ◦C). 1H NMR (300 MHz,
CDCl3) δ: 8.07 (d, J = 9.1 Hz, 2H), 7.97 (d, J = 9.4 Hz, 2H), 7.76 - 7.67 (m, 4H), 7.39 -
7.27 (m, 2H), 7.23 (d, J = 1.2 Hz, 2H), 7.01 (d, J = 8.7 Hz, 2H) ppm. 13C NMR (75 MHz,
CDCl3) δ: 145.8 (2C), 133.7 (2C), 132.7 (2CH), 131.5 (2C), 131.3 (2C), 129.4 (2CH), 128.2
(2CH), 127.8 (2CH), 126.3 (2CH), 123.7 (2CH), 122.5 (2C), 122.3 (2C), 122.0 (2CH), 120.5
(2C) ppm. MS (EI) m/z (%): 602 (M+, 100), 572 (17), 348 (24), 337 (23), 174 (27), 169
(26). HRMS (EI): C28H14N2O4Br2; calculated: 599.9320, found: 599.9322.
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Synthesis of 2,2’-dibromo-[9,9’-bianthracene]-10,10-diamine
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FIG. 2: Synthesis of 2,2’-dibromo-[9,9’-bianthracene]-10,10-diamine (3)
A mixture of compound 2 (25 mg, 0.042 mmol) and Fe (70 mg, 1.25 mmol) in AcOH (5
mL) was stirred at room temperature for 16 h. Then, H2O (10 mL) and AcOEt (10 mL) were
added, the organic layer was separated and washed with aqueous solution of NaOH (10%,
5 mL). The organic layer was dried over Na2SO4, filtered and evaporated under reduce
pressure. The crude product was purified by column chromatography (SiO2; CH2Cl2) to
obtain compound 3 (22 mg, 98%) as an orange solid (p.f. 337 C). 1H NMR (500 MHz,
CD3OD) δ: 8.34 (d, J = 8.9 Hz, 2H), 8.27 (d, J = 9.4 Hz, 2H), 7.36 - 7.33 (m, 4H), 7.11
(ddd, J = 8.8, 6.4, 1.2 Hz, 2H), 7.06 (d, J = 2.0 Hz, 2H), 6.95 (d, J = 8.7 Hz, 2H), 4.87
(s, 4H) ppm. 13C NMR (125 MHz, CD3OD) δ: 142.6 (2C), 134.7 (2C), 134.6 (2C), 129.4
(2CH), 128.0 (2CH), 127.3 (2CH), 126.8 (2CH), 126.0 (2CH), 124.4 (2CH), 123.6 (2CH),
121.3 (2C), 120.6 (2C), 119.5 (2C), 117.2 (2C) ppm. MS (EI) m/z (%): 542 (M+, 100), 271
(14), 190 (10), 176 (14). HRMS (EI): C28H18N2Br2; calculated: 539.9837, found: 539.9833.
Characterization by 1H and 13C NMR
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FIG. 3: 1H and 13C NMR spectra of compound 2.
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FIG. 4: 1H and 13C NMR spectra of compound 3.
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Line profiles of NH2-chGNRs and pristine chGNRs
Here we compare the line profiles accross the NH2-chGNRs and pristine chGNRs. The line
profile accross NH2-chGNRs is around 0.5 nm wider than that of pristine chGNRs (Figure
S5).
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FIG. 5: Line profiles of NH2-chGNRs and pristine chGNRs. (a,b) Constant current STM images
of pristine chGNRs and NH2-chGNRs. The images share the same scale bar. (c), Line profiles
across pristine chGNRs and NH2-chGNRs with lines indicated in (a,b).
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